Hydrogen formation is a key process for the physics and the chemistry of interstellar clouds. Molecular hydrogen is believed to form on the carbonaceous surface of dust grains, and several mechanisms have been invoked to explain its abundance in different regions of space, from cold interstellar clouds to warm photondominated regions. Here, we investigate direct (Eley-Rideal) recombination including lattice dynamics, surface corrugation, and competing H-dimers formation by means of ab initio molecular dynamics. We find that Eley-Rideal reaction dominates at energies relevant for the interstellar medium and alone may explain observations if the possibility of facile sticking at special sites (edges, point defects, etc.) on the surface of the dust grains is taken into account.
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graphite-graphene | interstellar chemistry | hydrogen recombination | density functional theory T he complicated interaction between hydrogen atoms and graphite has been widely studied in the last decade because of its relevance in various fields, from hydrogen storage (1) to nuclear fusion (2) , from graphene technology (3) (4) (5) (6) to interstellar chemistry (7) .
In the chemistry of the interstellar medium (ISM), H 2 is a precursor for more complex molecules through its protonated form H þ 3 , shields the clouds from the radiation field, and acts as primary cooling agent during the gravitational collapse, which ultimately leads to star formation (7) . Its appearance in the early universe steered the development of the first stars and triggered galaxy formation (8) .
In the harsh ISM conditions, molecular hydrogen is continuously dissociated by stellar UV radiation and cosmic rays; hence efficient synthetic pathways are needed to explain the observed abundances (7) . These are known to involve the carbonaceous surface of interstellar dust grains (9) , but the detailed mechanisms behind H 2 formation on graphitic surfaces have yet to be fully uncovered.
Physisorbed H atoms can only be invoked in cold molecular clouds, where the surface temperature is low enough to prevent desorption (T s ≤ 40 K) from the shallow physisorption well (E ∼ 4 kJ·mol −1 ) (10, 11) . In this case, hydrogen molecules may follow from either an Eley-Rideal (ER)/hot-atom (HA) or a Langmuir-Hinshelwood (LH) pathway, because H atoms are very mobile even at extremely low temperatures (11) . Stable (chemisorbed) species on the basal graphitic plane, however, require energetic projectile atoms to overcome an activation barrier to sticking (E ∼ 20 kJ·mol −1 ) (12, 13) , which is due to the carbon sp 2 -sp 3 rehybridization needed by the bond formation process, although tunneling might help in this context (14) . Chemically bound H atoms are immobile on the surface [they desorb rather than diffusing (15) ]; hence LH pathway is ruled out in sufficiently warm environments where only chemisorbed species can be found.
No matter how a first chemisorbed species is formed, secondary H atoms undergo facile sticking and preferentially form ortho and para (16, 17) dimers because of the aromatic nature of the surface (18) , analogously to the ortho-para orientation effect in electrophilic aromatic substitution reactions. Hence, ER/HA recombination competes with dimer formation (DF), and may occur on isolated H atoms as well as on dimers (or clusters) of adsorbates [recombination can also directly occur from o-and p-dimers if the surface is heated up (15) ]. In the latter case, a catalytic cycle could be envisaged (16, 19) if DF were much more favored than direct ER recombination. Otherwise, ER reaction would remove the "active" H atom, and a further (likely activated) adsorption event would be needed to start a new molecular formation process.
At present, experimental evidence about the ER reaction and the competing DF is scarce, and often limited to the high energy regime required for the first-H adsorption event to occur. With the same token, theoretical modeling has been mainly hampered by the knowledge of the interaction potential, and often limited to reduced dynamical models where a full quantum dynamical approach could be applied. For this reason, theoretical results for the above ER recombination have been so far considered of limited help and never used in modeling the chemistry of the ISM.
In this article, we use ab initio molecular dynamics (AIMD) to investigate the (barrierless) ER reaction and the formation of H dimers on a graphite surface. We consider a H atom impinging on a graphene layer (initially at T s = 0 K) containing a chemisorbed H, and follow classical trajectories of motion by using first principles [density functional theory (DFT)] forces computed on-the-fly as required by the dynamics itself. In this way, we are able to include all of the relevant degrees of freedom at the DFT electronic structure level, at a price of using classical mechanics for the molecular dynamics. We then correct a posteriori for quantum effects at low collision energies, where we rely on recent quantum results obtained on a realistic reduced dynamical model (20) . We are thus able to provide reliable data (rate constants) for the ER H 2 formation on graphite on a wide temperature range and to determine effective recombination rates for hydrogen formation in the ISM, which can be directly compared with astronomical observations.
Results and Discussion
Computed ER and DF cross-sections are shown in Fig. 1A in the collision energy (E coll ) range from 2 to 100 kJ·mol −1 for the ground (singlet) adiabatic state of the overall system, corrected for the proper 1=4 spin-statistical factor. Overall, abstraction cross-sections are quite large (3.5 Å 2 ), much larger than those found for hydrogen on metals, ≤1 Å 2 , in agreement with previous studies (21, 22) . They decrease when increasing the collision energy because of the competing sticking of the projectile atom (DF). For the latter process, the cross-section is indeed remarkably high, with a maximum of ∼ 7.5 Å 2 at E coll of ∼ 80 kJ·mol −1 , in qualitative agreement with scanning tunneling microscopy observations, which showed that the dimer abundance exceeds well the predictions of random adsorption models (16, 17) .
Details of DFs are reported in Fig.1B where the preference toward ortho and para DF is made evident. The preferential formation of "balanced" dimers (with H sitting on opposite graphenic sublattices) is a consequence of the (almost) barrierless path to sticking when the projectile H couples favorably with the itinerant electron set free by the first adsorption event (16, 18) . Para-dimers (whose formation is truly barrierless) are the most abundant ones, and their abundance can be as high as one-half the total dimer fraction. Despite this, para DF shows a dynamical threshold of about 2 kJ·mol −1 (corresponding to a gas-phase temperature T g ∼ 300 K), below which only H 2 recombination is expected. This is in agreement with recent experiments, in which highly oriented pyrolitic graphite (HOPG) samples precovered with D atoms were found to form dimers and clusters only when irradiated with highly energetic H atoms (23) ; at E coll = 2.4 kJ·mol −1 , only ER recombination was found to occur (24) . More generally, as is evident in Fig. 1A , ER abstraction dominates at collision energies smaller than ∼ 20 kJ·mol −1 , thereby suggesting that no catalytic cycle involving dimers can be operative in usual interstellar cloud conditions (T g = 1-1,000 K).
AIMD results for ER reaction can be compared with "effective" abstraction cross-sections available from kinetic measurements using ∼ 20 kJ·mol −1 H beams on D-precovered HOPG samples at a surface temperature T s = 150 K (25) . Modeling the kinetic data cannot distinguish ER from HA contributions for hot species with a preference for reaction over sticking (26) . The latter are expected to be active at low T s and low coverage, and indeed such effective cross-section levels off at high coverage and reaches a value of ∼ 3.5 Å 2 (25) . This in good agreement with our computed value σ = 3.1 ± 0.2 Å 2 at 20 kJ·mol −1 .
We also determined rovibrational populations of the nascent molecules and tentatively compared them with available experimental data (27) (28) (29) obtained with cold atomic beams (T g = 300 K) on cold HOPG surfaces (T s = 15 K). These latter results, apparently relevant for the physisorption regime only (see below), seem to be compatible with ER processes because recent theoretical studies on LH/HA recombination of physisorbed species have predicted H 2 molecules with a much larger rotational excitation than found in the experiment (30) (31) (32) . In this case, a comparison is reasonable on the basis of a common reaction mechanism, although a different energetics might play a role in determining the details. Surprisingly, the result of such a comparison (Fig. 2) is remarkably good and supports the idea that ER recombination dominates under these conditions too.
On comparing at medium-to-high E coll , the AIMD reaction cross-sections with numerically exact, quantum mechanical (QM) results obtained within the rigid, flat surface approximation (33), we can assess the influence of surface corrugation. In this energy regime, quantum and classical results agree to each other to within ∼ 0.5 Å 2 (Fig. 1 ), thereby substantially validating previous studies (13, 22, 33) , which could not take into account surface corrugation, DF, and lattice relaxation. At low energies, two competing effects lead to a marked discrepancy between the two sets of data. On the one hand, quantum calculations correctly describe the effect of increasing the de Broglie wavelength of the projectile atom at decreasing energies, e.g., the quantum reflection off a potential well, by predicting a vanishing crosssection in the limit of vanishing energy (20) . On the other hand, again because of the limitations of a reduced dynamical model, quantum calculations could not take into account any steering effect arising from the presence of attractive sites close to the reaction center. This steering effect is clearly present in the classical results, which show an increasing cross-section at low energy. Detailed analysis of the trajectories shows that this effect is due to the active role played by the para positions in redirecting projectile atoms toward the target (Supporting Information, Projectile Steering). A similar para-mediated abstraction has been recently postulated and used in kinetic Monte Carlo simulations of hydrogen abstraction of graphitic surfaces (34) .
In view of the above, we performed a weighted average of the AIMD and QM cross-sections, and computed thermal rate constants for the ER reaction in the range T g = 20-1,000 K (see Supporting Information, Reaction Rates for details). Finally, we set up a minimal kinetic model including sticking, reaction, and desorption, and used the above-computed rate constants to write the hydrogen formation rate as follows:
Here, n X v is the number of X per unit volume (X = H; H 2 , and g for H atoms, H 2 molecules, and dust grains), Σ g and Σ s are the average surface area per grain and per site, respectively, and k ER and k s are the ER and sticking rate constants. The latter involves an average of the sticking probability (P s ) over the velocity of the incoming projectiles, namely k s = hP s v z i, and thus the term k s Σ s in the denominator contains the sticking cross-section σ s = P s Σ s . Finally, n is the total hydrogen concentration and R is an effective recombination rate (see Supporting Information, Kinetic Model for details of the model).
The results for representative values of the (unknown) initial sticking coefficient P s are shown in Fig. 3 for model spherical grains with average radius 170 nm and density n g v = 4 × 10 −13 n, together with recombination rates inferred from astronomical observations (35, 36) . It is clear from the figure that the minimal model including only ER recombination out of chemisorbed species does account for the observations, but only if an unusually large (initial) sticking coefficient is assumed (P s ∼ 1). The latter is not compatible with the activated adsorption of H atoms on the basal plane of a graphitic surface. Reaction between physisorbed species could account for the observation (the grain surface temperature is always much lower than T g ), but sticking might be an issue in this case too, because recent accurate QM calculations estimated P s ∼ 0:01 under these conditions (37) . Moreover, physisorbed species can only be invoked in cold environments, and thus different mechanisms would be required to explain hydrogen formation in warm regions of space, e.g., photon-dominated regions.
Fortunately, there is no real need to invoke different scenarios. Facile chemisorption is possible at special sites-for instance, at the edges, at the grain boundaries, or close to a point defect-where a sticking cross-section as large as ∼ 20 Å 2 can be expected. In such instances, direct chemisorption is possible because barrierless paths exist for adsorption at these sites (38) . Also, physisorbed species would contribute at low surface temperature (raising the sticking cross-section) because they move easily on the surface, no matter how small T s is, until they get trapped in the above special sites by formation of strong chemical bonds. In conjunction with ER recombination, this would provide a general route to H 2 , which applies to warm as well as cold environments, with at most a "temperature-dependent" effective sticking cross-section. The red curve in Fig. 3 , for instance, shows the effect of active sites in a realistic porous grain model, with a grain surface area 50 times larger than the one used above for spherical grains, a defect density of 1.5 × 10 −2 per carbon atom and a sticking cross-section of 17.8 Å 2 (see Supporting Information, Kinetic Model for details).
Conclusions
We have investigated hydrogen formation in the ISM by focusing on the direct ER recombination and the competing process forming dimers on graphite. With the help of ab initio molecular dynamics simulations, we included lattice dynamics, surface corrugation, and the possibility of forming dimers, and established that dimers cannot play any role in the hydrogen formation at ISM conditions. Rather, we find that ER reaction involving stable (chemisorbed) species is efficient enough to explain alone H 2 abundances under different conditions, provided the possibility of facile sticking at special sites is considered.
Materials and Methods
AIMD simulations were performed with the VASP package (39) . Exchange and correlation were considered following the PW91 (40) functional. The plane wave basis set was limited to a 300-eV cutoff, for valence electrons, whereas the atomic cores were described by ultrasoft pseudopotentials (41) . To simulate the graphite surface, we used a H atom in a 3 × 3 graphene layer, corresponding to a 1/18 ML coverage, with atoms at their (optimized) equilibrium positions. The Brillouin zone was integrated on a 3 × 3 × 1 Γ-centered k points mesh. This setup was carefully tested for the case of a single H atom chemisorbed on graphene, to give an error smaller than 20 meV (1.93 kJ·mol −1 ) on the binding energies, 10 meV (0.96 kJ·mol −1 ) on barriers and of about 0.04 Å on the bond lengths as computed in ref. 18 . These error estimates are consistent with those found in evaluating and fitting the potential energy surfaces used for quantum time dependent wave packet calculations (21) .
Dynamical simulations were performed sampling the microcanonical ensemble with classical trajectories. Hellmann-Feynman forces were computed on-the-fly with DFT while the Newton equations of motion were integrated using a Verlet algorithm, as implemented in VASP, with a 0.40-fs time step. Carbon and target H atoms were initially kept at rest, implying T s = 0 K, and left free to move during the whole simulation; ER reaction is expected to be little influenced by the surface temperature [even when vibrational excitation of the target occurs (22, 42) ], and thus this T s value is expected to be appropriate for ISM conditions (T s = 5-100 K). Only the height of one of the carbon atoms furthest away from the target was kept fixed to prevent block translation of the whole system. Initial surface atom positions were determined by a geometry optimization run using a 0.01 eV/Å threshold on each atomic force.
A monochromatic beam of H atoms was simulated by placing projectile atoms at 5 Å from the graphite surface with a velocity directed toward the surface at normal incidence. Aiming points were generated by a uniform Monte Carlo sampling of an irreducible area (θ = π=3, r = 3.55 Å) centered on the target H atom. For each collision energy, we run 500 trajectories, equivalent to 3,000 trajectories on the whole circular area surrounding the projectile. The number of trajectories was increased to 1,000 (per irreducible area) when computing rovibrational populations at selected energies. The spins of the H projectile and that of the hydrogenated surface were initially set antiparallel to mimic a singlet state, and then cross-sections were scaled by a factor of 1/4 to account for the (nonreactive) triplet manifold.
The reactive channels considered in the molecular dynamics simulations were the ER recombination, DF, and collision-induced desorption. For the recombination channel, each product molecule was assigned to a rotational and vibrational state, based on standard binning into the rovibrational spectrum of the H 2 (HD) molecule, as obtained with the help of a standard Colbert-Miller discrete variable representation Hamiltonian (43) . Dimers formation was considered on every carbon atom lying not further than 4 d C−C . In agreement with previous studies (22) , no collision-induced desorption was found in the collision energy range considered.
Further details on the rate constant calculations and on the kinetic model can be found in Supporting Information, Reaction Rates and Kinetic Model. 
